Please cite this article in press as: Jiang J, et al. Comparison of high Cr white iron composites reinforced with directly added TiC and in situ formed TiC x . J Mater Res Technol. 2020. https://doi.Available online xxx Keywords: Transmission electron microscopy Metal matrix composite Mechanical properties Wear Microstructure a b s t r a c t Tw o kinds of high Cr white iron (HCWI) composites reinforced with directly added TiC (TiC/HCWI) and in situ formed TiC x (TiC x /HCWI) have been successfully synthesized by powder metallurgy method. The directly added TiC grains are irregular in shape with a mean size of about 2−4 m, but the in situ formed TiCx grains from the decomposition of Ti 3 AlC 2 are spherical and about 1-2 m in size. The microstructure, mechanical properties and wear resistance of the two composites were compared. The in situ TiCx/HXCWI composite possesses finer microstructures and superior mechanical and wear resistant properties than TiC/HCWI composite. The phase composition and microstructure were characterized with X-ray diffraction analysis, scanning electron microscopy and transmission electron microscopy.
Introduction
High Cr white irons (HCWIs) as good wear resistant materials have been widely used in ball mill, slurry pump, cement grinding mill, because they contain hard M 7 C 3 carbides (M denotes Fe, Cr) which provide effective protection for the matrix during friction and wear [1, 2] . However, coarse M 7 C 3 carbides degrade the fracture toughness and wear properties of HCWIs.
To modify the microstructure and improve the performance of HCWIs, alloy element addition and heat treatment methods have been adopted [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Although the mechanical proper-ties of the modified HCWIs have been improved, yet the fine microstructure has not been successfully achieved. Composites combine the excellent performance of multiple component materials and exhibit synergistic enhancement in performance [13] [14] [15] . Metal matrix composites reinforced with ceramic particles such as WC, TiC, NbC, Al 2 O 3 , VC and SiC have high strength and hardness, good abrasion resistance and high temperature resistance [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Among the above reinforcements, TiC as a reinforcement has been extensively studied because of its combination of high hardness, thermodynamic stability and good compatibility with metal matrices. In addition, the addition of TiC as a reinforcing phase can refine the microstructure of metal matrix composites. TiC reinforced ferrous matrix composites have the improved mechanical properties and wear resistance, and have been successfully used in mining, crushing, and metallurgical machinery [28] [29] [30] [31] [32] [33] . Recently, ternary MAX phases (M is an early transition metal, A is a mostly IIIA or IVA group element, and X is carbon or nitrogen) including Ti 3 SiC 2 , Ti 3 AlC 2 , Ti 2 AlC, etc. as reinforcements have effectively improved the performance of metal matrix composites [34] [35] [36] . Especially, in situ formed C-deficient TiCx from the decomposition of MAX phases has modified the microstructure of metal matrix composites, and thus improved their properties [37] [38] [39] [40] [41] [42] . The in situ formed non-stoichiometric TiC x grains (x varies from 0.5 to 0.67) have better wettability with metal matrices than the stoichiometric TiC grains. Our previous work showed that in situ formed TiC x grains were fine and spherical, and effectively refined the M 7 C 3 particles in HCWI. The in situ formed TiC x grains greatly improved the performance of TiC x /HCWI composites [41, 42] .
To promote the applications of HCWI composites as key wear resistant components in industry fields, the product cost should be considered. The price of commercial TiC powder is much lower than that of the Ti 3 AlC 2 precursor powder (made by sintering of 3Ti/1.1Al/2C powders [42] ) which decomposes into TiC x at high temperature in metal matrix composites. Thus, if HCWI composites reinforced with TiC have the similar microstructure and properties as those reinforced with in situ formed TiC x , the lower product cost makes the former the materials of choice for industry applications.
Therefore, two HCWI composites reinforced with TiC and in situ formed TiC x were prepared by powder metallurgy method in the present study. The two reinforcing phases, TiC (a mean grain size of 2∼4 m) and TiC x (a mean grain size of 1∼2 m), have the same content of 17.2 wt.%. The composite mixtures were first pressurelessly sintered at 1500 • C for only 5 min to disperse the reinforcements in the matrix, followed by hot-pressing at 1200 • C under 20 MPa for 1 h in Ar to avoid the loss of liquid and further densify the composites. The main purpose of this work is to prepare the two HCWI composites and compare their microstructure, mechanical properties and wear resistance. % TiC x /HCWI composites were synthesized by a two-step preparation process [42] . The mixtures were sintered without pressure at 1500 • C for only 5 min in a graphite mould coated with boron nitride, and then pressed at 1200 • C under 20 MPa for 1 h in Ar. The results were compared with the unreinforced HCWI material synthesized under the same conditions.
Experimental procedures
The sintered materials were cut into bars for mechanical and wear resistant properties tests. All bars were polished to 0.5 m using diamond paste and then cleaned in an ultrasonic ethanol bath.
Bars with dimensions of 36 mm × 4 mm × 3 mm were used to test flexural strength by three-point bending test. The span size and the crosshead speed were 30 mm and 0.5 mm/min, respectively. Single edge notched beam (SENB) test was performed to measure the fracture toughness. The SENB bars are 24 mm in length, 4 mm in height, and 2 mm in thickness. A notch of 2 mm in depth and 0.1 mm in width were machined in the middle of SENB bars. The span size and the crosshead speed were 20 mm and 0.05 mm/min, respectively. Rockwell C hardness (HRC) was measured in a HR-150 DT tester equipped 3 with a diamond cone indenter under the 150 kg load. 6 mm × 6 mm × 8 mm bars were used to test the wear resistance in a pin-on-disk abrasion tester with a rotation speed of 300 rpm. The specimen as the pin was pressed under loads of 78 N and 123 N and ground against a 48 mm YG8 alloy (92 wt.% WC and 8 wt.% Co) disk with a hardness of HRC75. The test running time was 0.5 h and the sliding distance was about 1000 m, so the speed was 0.56 m/s. The density of the bars before wear testing was tested by Archimedes method. For each test, at least three samples were used to obtain an average value. Wear resistance (WR) of the samples was computed by Eq. (1) [42] .
where V is the volume loss (cm 3 ), is the density (g/cm 3 ), and m is the weight loss of the material (g). The phase compositions of the materials were identified by a D/Max 2200 PC x-ray diffractometer (XRD) applying monochromatic Cu K a radiation. To clearly observe the morphology of carbides, the polished surfaces of the prepared materials were etched deeply in a solution with HCl and ethanol at a volume ratio of 1:4 for 72 h to remove the matrix. The microstructure was characterized with a ZEISS EVO 18 scanning electron microscope (SEM, Carl Zeiss SMT) equipped with an energy-dispersive spectrometer (EDS) equipment, and a Tecnai-G2 F20 transmission electron microscope (TEM).
3.
Results and discussion
Microstructural characterization
The microstructures of the powder mixtures and the prepared composites are presented in Fig. 1 . The HCWI particles are round, but the Ti 3 AlC 2 and the TiC particles are irregular in shape ( Fig. 1a and b ). In the TiC/HCWI composite, although the average size of TiC is 2−4 m, yet some large TiC particles up to 25 m can be found ( Fig. 1c ). There are some TiC particles with sharp corners acting as stress concentration sites in the composite. By contrast, the in situ formed TiC x grains in TiC x /HCWI composite are small and round, less than 2 m in size ( Fig. 1d ). Small pores were also detected in the prepared composites. XRD patterns for the composites and the unreinforced HCWI material are presented in Fig. 2 . The unreinforced HCWI material is composed of M 7 C 3 , martensite, austenite, and NbC ( Fig. 2a ). For the two composites, the main phases are M 7 C 3 , martensite, austenite, and TiC ( Fig. 2b and c) . It should be noted that no NbC peaks were detected in the XRD patterns of the two composites, indicating that the second reinforcement particles effectively inhibited the precipitation of NbC in the HCWI composites. Fig. 3 shows the microstructures of the etched surfaces of the prepared materials. In the unreinforced HCWI sample, the larger M 7 C 3 particles exhibit a rod shape, with the length up to several millimeters and the width of several hundred micrometers, indicating the rapid growth of M 7 C 3 during sintering ( Fig. 3a) . Small NbC particles, identified by EDS, distribute in the matrix. The cross section of the M 7 C 3 rods exhibits a hexagonal shape (marked by dashed lines in Fig. 3a ). Many etched channels (denoted by arrows in Fig. 3a ) appear in the coarse M 7 C 3 rods. These channels are not cracks, but resulted from the removal of ferrous phases by acid corrosion (Fig. 3a) . It should be noted that the M 7 C 3 carbides in the two composites are obviously smaller than those in the unreinforced HCWI sample ( Fig. 3b-e ). Especially, the refined M 7 C 3 carbides in the 17.2 wt.% TiC x /HCWI composite are in sharp contrast with those in the unreinforced HCWI and the TiC/HCWI samples ( Fig. 3d and e ). The refined M 7 C 3 particles are smaller ( Fig. 3d ) than those shown in Fig. 3a and b. This feature suggests that the in situ formation of TiC x effectively inhibits the rapid growth of M 7 C 3 at sintering temperatures. Fig. 3e reveals that many smaller and round TiC x grains are enwrapped in the M 7 C 3 particles.
Observation from Fig. 3b -e demonstrates that the 17.2 wt.% TiC x /HCWI composite has a modified microstructure with refined M 7 C 3 carbides and smaller TiC x spherical grains as compared with the TiC/HCWI composite. The above feature further indicates that the in situ formed TiC x grains act as pinning centers to hinder the grain growth of M 7 C 3 . Eq. (2) describes that the pinning force increases with decreasing reinforcement particle size and increasing reinforcement vol- ume [43, 44] . Theoretical calculation revealed that the VN/Fe interface energy raised with the presence of N vacancies in VN [45] . TiC has a similar NaCl structure as VN. The interface energy of the non-stoichiometric TiC x with vacancies is larger than that of stoichiometric TiC. In addition, the size of TiC x is smaller than that of TiC as shown in Fig. 3 . Therefore, the TiC x grains in the TiC x /HCWI composite exhibit a stronger pinning force to hinder the growth of M 7 C 3 than the TiC grains in the TiC/HCWI composite, thus leading to the finer microstructure in TiC x /HCWI composite.
where P is the pinning force of reinforcement, V p is the volume percentage of reinforcement, d p is the size of reinforcement, and ␥ is the interfacial energy. On the basis of the above results, it confirms that both the directly added TiC and the in situ formed TiC x grains in HCWI inhibit the grain growth of M 7 C 3 , but the latter achieves a more obvious effect. Fig. 4 shows TEM images of in situ formed TiC x grains in the TiC x /HCWI composite. The in situ formed TiC x grains are round, less than 2 m in size (Fig. 4a ). The measured interplanar spacing is 0.224 nm, corresponding to the (200) plane of TiC x (Fig. 4b ). Fig. 4c and d Fig. 4c and d , indicating the formation of strong bonding interfaces. Such strong bonding interfaces contribute to the improved properties of TiC x /HCWI composite.
Mechanical properties
The mechanical properties of the unreinforced HCWI material, the TiC/HCWI and TiC x /HCWI composites are summarized in The density of the in situ TiC x /HCWI composite is slightly lower than that of the TiC/HCWI composite. This may be due to the fact that the evaporation of Al from the decomposition of Ti 3 AlC 2 causes pores in the composites [41] . Fig. 5 shows the fracture surfaces of TiC x /HCWI and TiC/HCWI after three-point bending test. The two composites show a typical brittle fracture mode ( Fig. 5a-d ). In the TiC/HCWI composite, both TiC and M 7 C 3 particles exhibit a transgranular fracture mode ( Fig. 5a and b) . Some TiC particles are enwrapped in the coarse M 7 C 3 particles, further confirming the fast growth of M 7 C 3 at sintering temperatures (Fig. 5b) . The fracture surface of the TiC x /HCWI composite also demonstrates the transgranular fracture of M 7 C 3 (Fig. 5c and d ). An enlarged SEM micrograph clearly shows the presence of some small round dents, which may be resulted from the pull-out of finer TiC x grains (Fig. 5d ).
The improved mechanical properties of in situ TiC x /HCWI composite should benefit from the modified microstructure with refined M 7 C 3 carbides and smaller TiC x grains. In addition, the good wettability of TiC x with matrix is helpful in the homogeneous distribution of TiC x and the formation of strong interfaces between TiC x and matrix, which also contributes to the improved mechanical properties. Moreover, these enwrapped TiC x small grains are able to pin and deflect the crack propagation in M 7 C 3 particles, dissipating more crack propagation energy and correspondingly enhancing the mechanical properties for in situ composite.
3.3.
Wear resistance Fig. 6 shows the wear resistance as a function of load for HCWI, TiC x /HCWI and TiC/HCWI. Under a load of 78 N, wear resistance of the two composites is more than 10 times higher than that of HCWI. increased to 123 N, wear resistance of all materials dramatically decreased, suggesting that the wear load has a key influence on the wear property. But the 17.2 wt.% TiC x /HCWI composite still has the highest wear resistance value. Its enhanced wear resistance is ascribed to the contributions of the high mechanical properties and strong bonding between TiC x and matrix. In the two composites, both the in situ TiC x and the directly added TiC grains are hard and can withstand the heavy loads. The hard particles provide protection for the matrix during the wear process, and thus increase wear resistant property of the composites. In the TiC x /HCWI composite, spherical TiC x grains dissipate the stress concentration, while irregular TiC grains in the TiC/HCWI composite cause stress concentration around their sharp corners, easily initiating the crack propagation on the wear surface under the same wear load. Fig. 7 shows the worn surfaces of TiC/HCWI and TiC x /HCWI under the load of 78 N. On worn surface of TiC/HCWI, it can be found that the large M 7 C 3 particles were broken and peeled off from the worn surface ( Fig. 7a and b) . Damage also occurred to the TiC grains. Some TiC grains are separated from the matrix (marked with arrows in Fig. 7a ). In addition, small WC debris (white particles in Fig. 7b ) were also observed on worn surface of TiC/HCWI. The WC debris should be caused by the breakage and spallation of WC particles from the YG8 disk due to the fact that TiC (30 GPa of Vickers hardness) is harder than WC (28 GPa) [46] .
After wearing test, discrete wear scales covered the worn surface of the TiC x /HCWI composite (Fig. 7c) . The wear scales should be resulted from the severe grinding of M 7 C 3 fragments under 78 N. The small WC debris was also detected in the wear scales. But small TiC x grains was not pulled out in the worn areas (Fig. 7d ). Fig. 8 shows the worn surfaces of TiC/HCWI and TiC x /HCWI under 123 N. With increasing wear load, the worn surfaces of the two composites became severe ( Fig. 8a-d) . Wear grooves resulted from micro-cutting were found on worn surface of TiC/HCWI ( Fig. 8a and b ). However, both the number and the dimension of the wear grooves on the worn surface of TiC x /HCWI decreased ( Fig. 8c and d) . The easy fracture of the larger M 7 C 3 particles in the TiC/HCWI composite caused a large amount of wear debris on worn surfaces. Micro-cutting, the fragmentation of M 7 C 3 and the pull-out of TiC are main abrasive wear mechanism for TiC/HCWI composite. Under such a high wear load of 123 N, both TiC and TiC x grains were damaged. But there was no separation of TiC x grains on the worn surface of TiC x /HCWI, further indicating the stronger bonding between TiC x and matrix. The smaller in situ formed non-stoichiometric TiC x grains protect matrix more effectively than the TiC grains.
In the TiC/HCWI composite, the irregular TiC particles act as stress concentrators. The load stresses are amplified at the sharp corners of the irregular TiC particles and cause the formation and propagation of microcracks. While the spherical TiC x grains in the TiC x /HCWI composite dissipate the concentration of load stresses, making the uniform distribution of stresses.
In addition, interface bonding between ceramic particles and metal matrix has a profound influence on the wear resistance. A weak interface makes the pull-out of reinforcement particles. The pull-out particles act as abrasive particles to accelerate the wear of materials. However, fine reinforcement particles can form a strong interface with the matrix, impeding the pull-out of particles. It has been reported that fine ceramic reinforced phases are more difficultly pulled from the matrix than coarse reinforced phases [47] . Axen and coworkers [48] reported that white iron matrix composite enhanced with fine TiC particles has a higher wear resistance than that enhanced with coarse TiC particles. In the TiC x /HCWI composite, there are strong bonding interfaces between TiC x and matrix. The smaller M 7 C 3 and TiC x grains have larger specific surface areas, so debonding force of the TiC x /HCWI composite is high. This is the reason why the TiC x /HCWI composite exhibits the better wear resistance than TiC/HCWI. Fig. 9 shows the surface morphologies of the YG8 disks after wearing test against the two composites under 78 N. The YG8 disk contains WC and a small amount of Co. After abrasion against TiC/HCWI, most areas of the YG8 disk are covered by wear scales (Fig. 9a ). This feature reflects the fact that the wear scales have been transferred from worn surface of TiC/HCWI to YG8 disk, causing more weight lost in the TiC/HCWI composite upon wear test. However, the amount of wear scales was relatively low on the disk surface after abrasion against TiC x /HCWI (Fig. 9b ). The insets in Fig. 9a and b are the EDS results for the wear scales. The appearance of O in wear scales confirms that the two composites were subjected to oxidative wear.
Based on the above results, it can be concluded that the 17.2 wt.% TiC x /HCWI in situ composite has better mechanical and wear resistant properties than the 17.2 wt.% TiC/HCWI composite. The in situ formed TiC x plays a remarkable strengthening role in the TiC x /HCWI composite.
To prepare HCWI composites with high performance, the shape and size, the uniform distribution, and the wettability of reinforcements in the matrix should be considered. The in situ TiC x /HCWI composite fabricated in the present study exhibits the following advantages: firstly, the in situ formed TiC x grains are well distributed in the ferrous matrix as compared with the directly added TiC partilces; secondly, the in situ formed TiC x has much better wettability than the directly added TiC with the ferrous matrix due to the gas adsorption or oxidation phenomena on the surface of TiC particles; lastly, the in situ formed TiC x grains effectively modified the microstructure of HCWIs. Although the TiC/HCWI composite has the lower product cost than the TiC x /HCWI composite, yet the latter is preferred for applications in industrial fields due to its superior performance.
Conclusion
Tw o HCWI composites reinforced with the directly added TiC and the in situ formed TiC x have been successfully synthesized. The two composites have considerably improved mechanical and wear resistant properties as compared with the HCWI material. However, the 17.2 wt.% TiC x /HCWI composite exhibited superior mechanical and wear resistant properties than the 17.2 wt.% TiC/HCWI composite. Modified microstructures with refined M 7 C 3 structure and smaller TiC x spherical grains, and the strong bonding interfaces between TiC x and matrix contribute the enhanced performance of TiC x /HCWI composite. The present study provides a viable reinforcement choice for the synthesis of HCWI composites and an approach to modify the microstructure of HCWIs to widen the application of HCWI products in mining and mineral industries.
